Introduction {#Sec1}
============

Corrosion is a ubiquitous problem that affects almost all industrial sectors including oil and gas production, transportation and refining facilities^[@CR1],[@CR2]^, mining^[@CR3]^, marine engineering and shipping^[@CR4],[@CR5]^, industrial water systems^[@CR6]^, food processing plants^[@CR7]^, nuclear industries^[@CR8]^, among others. This phenomenon occurs via electrochemical reactions, where electrons are released from the metal at anodic sites and are gained at cathodic sites^[@CR9]^. Although assessment of the cost of corrosion is difficult, the NACE International IMPACT study estimated the global cost of corrosion as US\$2.5 trillion in 2013^[@CR10]^. Microbiologically influenced corrosion (MIC) has been estimated to contribute at least 20% to 40% of the total corrosion costs^[@CR11],[@CR12]^. The loss of integrity of industrial infrastructure can result in substantial economic, environmental, health, safety and technological consequences^[@CR13]^.

MIC is a type of corrosion in which the deterioration of metals occurs due to the presence and activity of microorganisms^[@CR14]^. Microorganisms initiate, facilitate or accelerate corrosion reactions by altering the electrochemical conditions in the metal-solution interface^[@CR15]^. Compared to other forms of corrosion, MIC is highly unpredictable and occurs at rates as high as 10 mm year^−1[@CR16]^. Early detection of MIC is difficult due to its localised nature and the wide range of environmental conditions and associated microorganisms^[@CR17]^. MIC has been proposed as the cause of failure in many significant incidents in the hydrocarbon industry such as the propane tank leak and explosion in Umm Said NGL Plant (Qatar)^[@CR18]^, the natural gas leak and explosion in Carlsbad (New Mexico)^[@CR19],[@CR20]^, and the oil spill in the Prudhoe Bay oil field (Alaska North Slope)^[@CR21]^.

Microorganisms promote corrosion through their metabolic activities, and several mechanisms have been proposed in the literature to explain MIC. The main mechanisms include the formation of concentration cells, the production of corrosive metabolites, the dissolution of protective films, the creation of unprotective surface layers, and the uptake of electrons directly from the metal^[@CR22]^. Various microorganisms have been implicated in MIC; these are commonly categorised in groups according to their metabolic capabilities. Main groups related with MIC include sulphate-reducing bacteria and archaea^[@CR23],[@CR24]^, thiosulphate-reducing bacteria^[@CR25]^, acid-producing bacteria^[@CR26]^, iron-oxidising bacteria^[@CR27]^, iron-reducing bacteria^[@CR28]^, nitrate-reducing bacteria^[@CR29]^, and methanogenic archaea^[@CR30]^. Therefore, MIC is a complex phenomenon that can be triggered by several microorganisms with different metabolic capabilities.

Prevention of MIC in the industry requires the control of the growth and activity of microorganisms, which, provided the right environmental conditions exist, can thrive and initiate or accelerate corrosion of equipment and pipelines. Biocide treatment is the traditional method used in the oil and gas industry to mitigate MIC. However, there remain challenges associated with MIC mitigation, mainly due to the formation of recalcitrant biofilms, where antimicrobial compounds are known to be less effective^[@CR31]^. Lower biocide efficacy has been attributed to the diffusion barrier generated by the biofilm structure, which results in cells close to the metal surface being exposed to sublethal biocide concentrations and the consequent development of biofilm resistance^[@CR32]^. When biofilms have formed, MIC mitigation becomes a challenge to corrosion engineers; corrosion failures due to MIC can occur despite the application of biocide treatment^[@CR33]--[@CR36]^.

Although MIC has been studied for many decades^[@CR37]^, fundamental knowledge gaps persist in the understanding of the processes leading to MIC on steel materials. Several laboratory studies have included corrosion experiments with reference strains^[@CR38],[@CR39]^, or strains isolated from various environments^[@CR25],[@CR40]^. However, only a few corrosion studies have been conducted using microorganisms recovered from corroded equipment. Since microorganisms are characterised by high genetic diversity and genotypic variation occurs as a result of environmental adaptation^[@CR41],[@CR42]^, the isolation and study of microorganisms from corroded equipment provide a unique opportunity to expand our knowledge of MIC through the investigation of novel species implicated in corrosion, their metabolic capabilities and their potential role in corrosion.

In oil and gas pipelines and all piping systems, a pressure test called hydrostatic testing is normally carried out to inspect the system for leaks, to evaluate its integrity, and to validate that the system can operate under desired conditions^[@CR2],[@CR43]^. During hydrostatic testing carried out on a floating production storage and offloading (FPSO) facility located on the Australian North West Shelf, several leaks were detected at piping system seal rings. These rings were exposed to production fluids during regular operation (\~ 80 °C) for over five years. However, the system had been depressurised, flushed and filled with seawater (previously treated with oxygen scavenger and biocide) to conduct a hydrostatic test. This treated seawater was left in place for about four (4) months before hydrotesting was performed. The present investigation describes the microbial community identified in the corroded seal rings, as well as the isolation and identification of cultivable species within the community. The ability of the isolates to instigate MIC of carbon steel is examined and discussed.

Results {#Sec2}
=======

Microbial community composition in corrosion products from failed seal rings {#Sec3}
----------------------------------------------------------------------------

Microbial community composition in corroded seal rings was investigated with 16S rRNA gene sequencing. Miseq sequencing generated a total of 789,041 raw-reads, however, after the bioinformatics processing (quality filtering, singletons, and chimera removal) only 275,501 high-quality sequences were used for the taxonomic classification of the microorganisms present in the three collected samples. Data analysis indicated that all sequences belonged to the Bacteria domain, most of them affiliated to the *Proteobacteria* phylum (\~ 98% relative abundance). Other phyla detected in lower abundance included *Firmicutes*, *Bacteroidetes, Cyanobacteria,* and *Epsilonbacteraeota*. Taxonomic classification with Silva 132 database showed the presence of 37 different genera in the microbial communities. The genera with relative abundances equal or greater to 1% in at least one of the samples are presented in Fig. [1](#Fig1){ref-type="fig"}. The complete list of microorganisms identified in the microbial community of corroded seal rings is given in Table [S1](#MOESM1){ref-type="media"}.Figure 1Microbial community composition of failed seal rings at the genus level based on partial 16S rRNA gene sequencing. Phylogenetic order is indicated in parentheses. Genera with relative abundances lower than 1% in all samples were summarised in the artificial group "Others". S1: Sample 1; S2: Sample 2; S3: Sample 3. Figure generated using ggplot2 version 3.1.0 (R package). <https://cran.r-project.org/web/packages/ggplot2/>.

DNA-based diversity profiling revealed differences in the microbial community composition among samples. Higher diversity was observed in sample 1 (Shannon index = 3.7) and lower diversity in sample 3 (Shannon index 2.1). Despite the differences observed in the relative abundances of dominant genera across samples, the microbial communities in all sampled seal rings were dominated by *the Pseudomonas* genus. Although the production fluid in the offshore facility is transported at high temperature (\~ 80 °C), none of the genera detected has been classified as thermophilic microorganism. Conversely, all genera identified in the samples have been classified as mesophiles, and most of them have also been associated with marine environments and hydrocarbon degradation (*Martelella, Shewanella, Alcanivorax, Halomonas,* and *Marinomonas).* Most of the microorganisms detected in the seal rings are classified as aerobic species, although many of them can survive without oxygen (facultative anaerobes).

Isolation, molecular identification and phylogenetic analysis {#Sec4}
-------------------------------------------------------------

The three culture media used for the cultivation of sulphide producing prokaryotes (SPP), acid-producing bacteria (APB) and iron-oxidising bacteria (IOB) exhibited positive growth after four weeks of incubation. Nine different colony morphologies were observed on solid media, and all of the strains were rod-shaped Gram-negative bacteria (Table [S2](#MOESM1){ref-type="media"}). Colonies were transferred at least three times to the same medium for complete purification. Comparison of the nucleotide sequences of the 16S rRNA gene with previously published sequences in the National Center of Biotechnology Information (NCBI) allowed the identification of the isolated bacteria to species level. The similarities and species identified by BLASTn analysis are given in Table [1](#Tab1){ref-type="table"}. Three of the nine isolated microorganisms were classified into the *Pseudomonas* genus, which was found to be the most abundant genus in the microbial communities identified in corroded seal rings (Fig. [1](#Fig1){ref-type="fig"}). Other genera found as part of the microbial community and that were cultivated in the laboratory were *Enterobacter* and *Shewanella*. Bacteria belonging to the genera *Cronobacter, Petrotoga,* and *Citrobacter* were isolated from the seal rings even though they were not detected through DNA analysis, possibly because they were present in low abundances.Table 1Identification of bacteria isolated from corroded seal rings using 16S rRNA gene sequences.Isolate IDAccession no.Best match in GenBank database (Accession no.)Similarity %CCC-APB1MT215169*Enterobacter cloacae* subsp. *cloacae* strain ATCC 1,304 (CP001918.1)99.84CCC-APB3MT215170*Cronobacter sakazakii* strain ATCC 29,544 (NR_118449.1)99.7CCC-APB5MT215171*Shewanella chilikensis* strain JC5 (NR_117772.1)99.78CCC-SPP14MT215176*Enterobacter roggenkampii* strain DSM 16,690 (CP017184.1)99.93CCC-SPP15MT215177*Petrotoga mobilis* strain SJ95 (CP000879.1)99.84CCC-IOB1MT215172*Pseudomonas aeruginosa* strain JCM 5,962 (MK796437.1)100CCC-IOB3MT215173*Pseudomonas balearica* strain SP1402 (NR_025972.1)99.71CCC-IOB9MT215174*Citrobacter youngae* strain NCTC13709 (LR134485.1)99.42CCC-IOB10MT215175*Pseudomonas stutzeri* strain ATCC 17,588 = LMG 11,199 (MT027239.1)100

A phylogenetic tree was constructed to analyse the relationships among the sequences of the isolated species and sequences from related organisms available in the GenBank database. The optimal tree with the sum of branch length = 6.61426233 is shown in Fig. [2](#Fig2){ref-type="fig"}. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.Figure 2Neighbour-joining tree based on partial 16S rRNA gene sequences, showing phylogenetic relationships between isolates and related species. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) is displayed next to the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. GenBank accession numbers are given in parentheses. Red star indicates bacteria isolated in this study. Figure generated using MEGAX. <https://www.megasoftware.net/>.

Microbiologically influenced corrosion {#Sec5}
--------------------------------------

### Corrosion screening test {#Sec6}

Carbon steel was exposed to isolated bacteria for 7 days to characterise their corrosive behaviour under anaerobic conditions. Surface profilometry analysis (Fig. [3](#Fig3){ref-type="fig"}) showed that in the presence of bacterial isolates except for CCC-IOB3 (*P. balearica*), the metal surface exhibited greater deterioration compared to the abiotic control. The weight loss in each coupon after exposure to abiotic and biotic conditions is shown in Table [S3](#MOESM1){ref-type="media"}. The corrosion rate and pitting rate calculated from the weight loss and maximum pitting depth, respectively, measured for each isolate are shown in Fig. [4](#Fig4){ref-type="fig"}. Most of the isolates significantly increased the corrosion rates and pitting rates of carbon steel coupons as compared to abiotic control (Table [S4](#MOESM1){ref-type="media"}). The corrosion rates triggered by the isolated bacteria showed distinct trends among species. Isolates such as CCC-APB3 (*C. sakazakii*), CCC-APB5 (*S. chilikensis*), and CCC-SPP14 (*E. roggenkampii*) induced higher general corrosion rates than pitting rates. In contrast, the isolates CCC-APB1 (*E. cloacae*), CCC-SPP15 (*P. mobilis*), CCC-IOB1 (*P. aeruginosa*), CCC-IOB9 (*C. youngae*), CCC-IOB10 (*P. stutzeri*) induced higher pitting rates than general corrosion rates. Different to all other isolates, carbon steel exposure to CCC-IOB3 (*P. balearica*) resulted in corrosion inhibition. Optical microscopy revealed that after 7 days of carbon steel exposure to *P. balearica*, the metal surface was completely covered by a biofilm layer. Instead, for the other isolates, carbon steel was covered by patchy biofilms (Fig. [S1](#MOESM1){ref-type="media"}). The corrosion rates influenced by the isolated bacteria were classified from low to severe (Table [S5](#MOESM1){ref-type="media"}), according to NACE SP0775 standard^[@CR44]^.Figure 3Microscope images of the surfaces of carbon steel coupons exposed for 7 days to bacterial isolates recovered from corroded seal rings. Control: coupon exposed to sterile test solution without bacteria. Images taken with the Alicona InfiniteFocus G4 at a lens magnification of ×5 (IFM version 3.5). Figure 4Corrosion rates of carbon steel during exposure to bacteria isolates for 7 days. Corrosion rate was calculated from the average weight loss of three coupons. Pitting rate was calculated from the maximum pit depth found in each replicate. Figure generated using OriginPro version 2020 (OriginLab Corporation). <https://www.originlab.com/>.

### MIC studies with selected bacterial isolates {#Sec7}

Three of the isolated bacteria were selected for further corrosion investigation. The selection was based on the results of the corrosion screening test and the importance of studying microorganisms associated with different microbial groups. Microorganisms selected were CCC-IOB3 (*P. balearica*), CCC-SPP14 (*E. roggenkampii*), and CCC-APB5 (*S. chilikensis*). The three isolates belong to genera that have been previously associated with MIC; however, none of the specific species identified has been related to MIC before. Corrosion experiments consisted of exposing carbon steel coupons to active cultures of each isolate for 21 days. During the immersion period, planktonic cell numbers and solution pH were frequently monitored (Fig. [S2](#MOESM1){ref-type="media"}). It was evident that the metabolic activities of the isolates altered the pH of the solution. *P. balearica* and *S. chilikensis* increased the pH, whereas *E. roggenkampii* decreased it. Meanwhile, the pH of the control test without bacteria remained stable during the test. The growth pattern of planktonic cells in the reactors as estimated by microscopic counting is shown in Fig. [S2](#MOESM1){ref-type="media"}. The fluctuation in the number of cells detected throughout exposure was influenced by the solution replenishment that removed part of the population every 3 days. However, at the end of the test, the three isolates reached similar cell numbers in the bulk medium. On the other hand, the numbers of cells estimated to be attached to the coupons (sessile) at the end of the immersion period based on quantitative polymerase chain reaction (qPCR) varied among isolates. The highest cell density was reached by *S. chilikensis* (2.96 × 10^9^ cell cm^−2^), followed by *E. roggenkampii* (1.73 × 10^8^ cell cm^−2^) and finally, by *P. balearica* (1.45 × 10^5^ cell cm^−2^). At the end of the test, nitrites were detected in the bulk test solution of the three biotic reactors, which indicated that all isolates reduced nitrate. However, the presence of H~2~S was only detected in the reactor with *S. chilikensis.* Detection of sulphide and blackening of the test solution indicated that this isolate also reduced thiosulphate.

After retrieval of coupons from reactors, differences in the metal surface were observed among the tests. Coupons exposed to the isolates were covered by layers of corrosion products and cells that varied in colour and thickness. The surface analysis showed differences in deterioration and morphology of damage for the various isolates (Fig. [5](#Fig5){ref-type="fig"}). It was noted that all isolates caused MIC, including the *P. balearica* isolate that had resulted in corrosion inhibition in the short term corrosion test. Results of the corrosion measurements indicated that *P. balearica, E. roggenkampii* and *S. chilikensis* promoted MIC under the studied conditions (Fig. [6](#Fig6){ref-type="fig"}). The weight loss in coupons exposed to abiotic and biotic conditions is shown in Table [S6](#MOESM1){ref-type="media"}. According to the Kruskal--Wallis test, there were significant differences in the corrosion rates and pit depth among coupons exposed to the three isolates and the control (*p* \< 0.05). Isolates were shown to increase the corrosion rate and pitting rate of carbon steel (Table [S7](#MOESM1){ref-type="media"}). Coupons exposed to *E. roggenkampii* exhibited the highest corrosion rate, whereas coupons exposed to *S. chilikensis* exhibited the deepest pits*.*Figure 5Microscope images of the surfaces of carbon steel coupons exposed for 21 days to (**a**) control (**b**) *P. balearica* CCC-IOB3 (**c**) *E. roggenkampii* CCC-SPP14 (**d**) *S. chilikensis* CCC-APB5. 2D image of the total surface (left image) and 3D images of 0.38 mm^2^ of the coupon surface (middle and right image). Images taken with the Alicona InfiniteFocus G4 at a lens magnification of × 5 and × 20 (IFM version 3.5). Figure 6Corrosion rates of carbon steel after exposure to bacterial isolates for 21 days in the reactor experiment. Corrosion rate was calculated from the average weight loss of three coupons. Pitting rate was calculated from the maximum pit depth found in each replicate. Figure generated using OriginPro version 2020 (OriginLab Corporation). <https://www.originlab.com/>.

Biofilms formed on the carbon steel coupons were observed under the field emission scanning electron microscope (FESEM) (Fig. [7](#Fig7){ref-type="fig"}). The micrograph of the coupon exposed to abiotic conditions revealed the presence of a thin layer of corrosion products derived from corrosion reactions promoted by components in the test solution (Fig. [7](#Fig7){ref-type="fig"}a). Micrographs of the three bacterial isolates showed their ability to form biofilms over the metal surface (Fig. [7](#Fig7){ref-type="fig"}b-d). Apart from bacteria cells, deposits and corrosion products were also observed on the metal surface. Thicker layers of corrosion products and cells were seen in biofilms of *S. chilikensis* and *E. roggenkampii.* The cross-sectional profile also showed differences in the distribution of layers and the elemental maps of deposits and corrosion products over coupons exposed to biotic conditions (Fig. [8](#Fig8){ref-type="fig"}). Samples exposed to *S. chilikensis* and *E. roggenkampii* showed thicker layers of corrosion products. The major elements detected in coupons exposed to the three isolates were oxygen and iron. Carbon was also abundant in all samples; however, since the mounting resin was carbon-based, it was not possible to discriminate carbon from biological material. Apart from these three elements, phosphorous was one of the major elements on coupons exposed to *E. roggenkampii*, and sulphur one of the major elements on coupons exposed to *S. chilikensis*.Figure 7FESEM views of the biofilms/corrosion products formed over carbon steel coupons. (**a**) Control (**b**) *P. balearica* CCC-IOB3 (**c**) *E. roggenkampii* CCC-SPP14 (**d**) *S. chilikensis* CCC-APB5. Images taken with a Zeiss Neon Dual-Beam FESEM. Figure 8FESEM image and EDS-elemental mapping of cross-sectioned coupons exposed to the control and three bacterial species *P. balearica* CCC-IOB3, *E. roggenkampii* CCC-SPP14, and *S. chilikensis* CCC-APB5. Images generated using AZtec version 3.0. <https://nano.oxinst.com/products/aztec/>.

Discussion {#Sec8}
==========

Several seal rings from an in-service offshore oil production facility failed during hydrostatic testing due to corrosion. This testing is a common practice to assess piping systems integrity before service, during service, or for qualification to increase the operating pressure in in-service pipelines^[@CR45]^. This investigation comprised the characterisation of the microbial community present in corroded seal rings and the recovery of cultivable microorganisms for MIC laboratory investigation. Previous studies have described the risk of MIC associated with poor hydrotesting practices^[@CR46]--[@CR48]^. This is because the water used for the test is taken from natural systems (sea, rivers, lakes), which have a high concentration and diversity of microorganisms that can contaminate the facility if the water is not effectively treated^[@CR2],[@CR47]^. The primary issue with hydrotesting is that the water used is typically left stagnant in the system for extended periods. Whilst the test lasts approximately 10 h, the water used may remain in place for months, in some cases years^[@CR49],[@CR50]^, promoting the development of biofilms under the stagnant conditions.

The role that bacteria played on the corrosion failure of the seal rings (root cause analysis) was not the focus of this research. This investigation aimed to characterise and isolate microorganisms from corrosion products and study their potential to instigate MIC of carbon steel. Results from this investigation indicate that the biocide treatment applied to seawater used to flood the pipe was not effective at controlling all viable microorganisms. DNA analysis of corrosion products revealed that the microbial community on the different sampled corroded seal rings was similar and dominated by marine microorganisms. Several of these microorganisms have previously been associated with hydrocarbon degradation^[@CR51]--[@CR53]^, which may explain their thriving in the pipeline during the stagnant period. Microorganisms related to thermophilic oil environments were not detected. This suggests that MIC was mainly triggered during seawater flooding and subsequent preservation, not during normal operation conditions. The dominance of *Pseudomonas* genus in different corroded seal rings supports the assumption that microorganisms participated in the corrosion phenomenon. This genus has been found ubiquitously in diverse environments, and its ability to survive with basic minimal nutrient requirements and to tolerate harsh conditions have allowed it to persist in urban and natural settings^[@CR54]^. Moreover, several *Pseudomonas* species are naturally resistant to a variety of antimicrobial substances^[@CR55]--[@CR57]^, which help explain its dominance in the corroded seal rings despite the biocide treatment applied to the seawater. Although DNA-based next-generation sequencing (NGS) analysis cannot discriminate between live and dead bacteria, the recovery and cultivation of several bacterial species from corrosion products prove that corrosion products hosted living microorganisms.

In this investigation, nine bacterial species were isolated from the failed seal rings and identified with the 16S rRNA gene sequence. Microorganisms can be classified in different microbial groups, including sulphide producing prokaryotes, acid-producing bacteria, iron-oxidising bacteria, iron-reducing bacteria, nitrate reducing bacteria. Some of the isolates can be classified in two or more of these groups, which show the versatility and complexity of the microbial population living in the corroded steel. Corrosion of carbon steel by isolated bacteria was also evaluated in this study. Results demonstrated that all bacterial isolates were able to catalyse corrosion reactions under anaerobic conditions. Surface and corrosion analyses revealed that microorganisms increased general corrosion rates and pitting rates of carbon steel. Different isolates triggered different corrosion rates and patterns of attack (Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}). In the short term corrosion experiments, coupons exposed to *E. roggenkampii* CCC-SPP14 exhibited the highest corrosion rate while coupons exposed to *P. aeruginosa* CCC-IOB1 showed the highest pitting rate.

Three isolates (*P. balearica*, *E. roggenkampii*, and *S. chilikensis*) associated with different microbial groups (iron-oxidising bacteria, acid-producing bacteria and iron-reducing bacteria, respectively) were further studied under semi-batch conditions for longer exposure time. The behaviour of *P. balearica* CCC-IOB3 isolate was different for short term and long term experiments. Carbon steel exposed to this isolate in serum bottles under batch conditions (short term) experienced corrosion inhibition; however, the isolate induced corrosion of carbon steel in the longer-term reactor study where semi-batch conditions allowed the replenishment of test solution. These results provided evidence that corrosion inhibition by bacteria is not necessarily a characteristic of specific microorganisms but instead, it is likely the result of experimental conditions. Contradictory corrosive behaviour of bacteria has been previously reported. Miller et al.^[@CR58]^ showed that depending on biofilm distribution, *Shewanella oneidensis* MR-1 could inhibit or enhance corrosion of steel. When steel was completely covered by the biofilm, the bacteria inhibited corrosion, likely due to O~2~ scavenging, whereas when steel was partially covered, corrosion was accelerated in the uncovered area. MIC inhibition has also been indicated for some species of the *Pseudomonas* genus^[@CR59],[@CR60]^. Studies suggest that biopassivation of the steel is influenced by the production of extracellular polymeric substance (EPS) and biofilm structure that prevent corrosive species in the bulk solution from reaching the metal surface. Nonetheless, the formation of a uniform biofilm layer does not always prevent corrosion. It has also been demonstrated that biofilms can promote corrosion by the creation of differential concentration cells, alteration of anion ratios, generation of corrosive substances, and inactivation of corrosion inhibitors^[@CR61]^.

Proposed MIC mechanisms triggered by selected isolates {#Sec9}
------------------------------------------------------

Microbial corrosion has predominantly been associated with localised corrosion; however, most often, MIC results in a combination of general and pitting corrosion. General corrosion is the uniform oxidation of the metal across its surface resulting in mass loss from the metal, whereas, pitting corrosion is localised, and although it may result in relatively minor mass loss, it typically results in wall penetration and loss of containment thus significantly reducing the service life of industry assets^[@CR62]^. Differences in the deterioration pattern and corrosion measurements suggest variations in the corrosion mechanisms promoted by each isolate. *E. roggenkampii* stimulated significant general corrosion while *S. chilikensis* resulted in the highest localised corrosion and the most severe pitting attack.

*Shewanella* species are well known for their metabolic versatility to utilise a variety of electron acceptors, which include nitrate, nitrite, thiosulphate, elemental sulphur, iron (III), Manganese (III), fumarate, among others^[@CR58],[@CR63]--[@CR65]^. Additionally, *Shewanella* can use the metal as electron donor by secreting electron shuttles such as riboflavins, or by producing conductive filaments (nanowires)^[@CR66]^. The broad metabolic capabilities of this genus suggest that these microorganisms can induce or accelerate corrosion through different mechanisms including EET-MIC (extracellular electron transfer MIC) and CMIC (chemical MIC)^[@CR62]^. The expression of various metabolic pathways depends on the nutrients availability and environmental conditions. For example, in the present investigation, the test solution only contained thiosulphate and nitrate as electron acceptors which limited the metabolism of *S. chilikensis* CCC-APB5 to the anaerobic respiration of these molecules. However, after initiation of the corrosion process on the metal surface, the iron oxides layers produced could have also been used by the isolate as electron acceptors during the degradation of organic compounds. Likewise, the isolate could have induced corrosion by using the carbon steel as electron donor for the reduction of the thiosulphate, nitrate, and iron oxides. The genome sequence of *S. chilikensis* (GenBank accession number CP045857) confirmed that the isolate has the genetic machinery to conduct all these activities. A dual system for nitrate reduction (NAP, NAR), a system for metal reduction (MTR), genes involved in thiosulphate reduction (*phsA*, *glpE*), genes for riboflavin biosynthesis (*ribF*), and genes related to nanowires (prepilin peptidases and biogenesis proteins -- Msh complex) were detected in its genome. *S. chilikensis* was the only isolate that produced sulphide and blackening of the test solution during the experimental period. The use of thiosulphate for anaerobic respiration was confirmed with the X-ray maps of the corrosion products that revealed the presence of iron and sulphur elements along the cross-sectional profile. During thiosulphate reduction, hydrogen sulphide is generated and in contact with ferrous iron precipitates as iron sulphide. Apart from sulphur related metabolism, *S. chilikensis* also expressed nitrate metabolism, which was determined by the presence of nitrite in the test solution after microbial growth and its absence in the control test. Hence, *S. chilikensis* could have contributed to MIC via three mechanisms, the dissolution of protective iron oxides, the production of corrosive metabolites (nitrite and H~2~S), and the uptake of electrons from the metal surface. It is important to highlight that *Shewanella* spp. are usually classified as iron-reducing bacteria (IRB); however, in this study, *S. chilikensis* reduced thiosulphate and nitrate, which again, demonstrates the versatility of these microbes.

*E. roggenkampii* CCC-SPP14 isolate belongs to the *Enterobactereacea* family, which is mostly comprised of acid-producing and nitrate reducing bacteria^[@CR67]^. Some species of the *Enterobacter* genus have also been classified as iron-oxidising bacteria with the ability to cause MIC of carbon steel^[@CR68]^. The capability of *E. roggenkampii* isolate to perform carbohydrate fermentation, iron oxidation and nitrate reduction was also confirmed through the genome sequencing (GenBank accession number JAACJF000000000). The pH decrease observed in the test solution suggested that *E. roggenkampii* was using the fermentation pathways and producing acids during its metabolic activities. The highest general corrosion observed in the coupons exposed to this isolate support the acid corrosion mechanism^[@CR46],[@CR69]^. Although more than 90% of MIC occurs as pitting corrosion, it has been reported that the stimulation of acid corrosion by fermenting microorganisms promotes general corrosion^[@CR46]^. Similar to the *S. chilikensis* experiment, nitrite was also detected in the test solution after microbial growth, indicating that the species reduced nitrate. Accumulation of nitrites could have induced the creation of the pits observed on the metal surface^[@CR70]^. Based on the above, *E. roggenkampii* was likely to contribute to MIC via production of corrosive metabolites such as acidic species and nitrites.

The *Pseudomonas* genus has been reported several times to be involved in corrosion processes^[@CR38],[@CR71]--[@CR74]^. Species that belong to this genus are pioneer colonisers in biofilm formation^[@CR60]^. It has been reported that the metal cation binding by EPS increases the ionisation of metals, leading to the accumulation of metal ions that change the electrochemical properties of the metal surface and promote corrosion^[@CR75]^. Moreover, *Pseudomonas* species produce electron mediators such as pyocyanin and phenazine‑1‑carboxamide (PCM) that facilitate electron transfer between cells and metals, and accelerate corrosion rates by EET-MIC mechanism^[@CR76],[@CR77]^. Most of the previous investigations of the corrosion abilities by *Pseudomonas* species have been carried out simulating aerobic environments^[@CR38],[@CR71],[@CR73],[@CR74]^. Therefore, the primary corrosion mechanism described in the literature for *Pseudomonas* spp. is the formation of differential aeration cells. Some studies have also reported corrosion under anaerobic conditions and the described mechanism is iron oxidation coupled to nitrate reduction^[@CR72],[@CR78]^. *P. balearica* CCC-IOB3 was isolated in IOB medium and precipitation of iron as a result of iron oxidation was observed in colonies grown on solid medium, which only contained nitrate as an electron acceptor. The presence of genes involved in iron metabolism and nitrate reduction was confirmed through genome sequencing (GenBank accession number CP045858)^[@CR79]^. Different to the IOB medium, the test solution used for the corrosion evaluation had different nutrients (acetate, glucose, casamino acids), which the isolate could have used as electron donors for a heterotrophic nitrate reduction. Nonetheless, the metal surface (Fe^0^) or ferrous iron (Fe^2+^) released from the corrosion process could have also been used by this isolate as electron donors for nitrate reduction. High precipitation of iron oxides over the surface of the coupon was not observed in the FESEM analysis, suggesting that iron was not the main electron donor in the metabolism. Hence, the most likely MIC mechanism that promoted pitting of carbon steel in the presence of this isolate was the production of nitrite via nitrate reduction. Nevertheless, EET-MIC and iron oxidation cannot be disregarded entirely in this study.

The production of nitrite during anaerobic respiration was shared by the three isolates as a possible corrosion mechanism. Although nitrite is known as a corrosion inhibitor, it can also induce pitting corrosion when it is not available in a sufficient concentration that can fully passivate the steel^[@CR80]^. It has also been reported that nitrite increases the ionic conductivity of the bulk fluid, which accelerates the corrosion rate^[@CR70]^. Accumulation of nitrite is the most expected corrosion mechanism of nitrate reducing bacteria; however, other mechanisms induced by this microbial group have been proposed including the formation of concentration cells, the consumption of the cathodic H~2~ (cathodic depolarisation), and the direct microbial metabolism of Fe(0)^[@CR62]^. Confirmation of all possible corrosion mechanisms triggered by the bacteria isolated in this study requires further investigation, including their behaviour under different environmental conditions and their effect on other steels.

Conclusion {#Sec10}
==========

An investigation of corroded seal rings showed that the rings were inhabited by a microbial community dominated by members of the following genera *Pseudomonas*, *Martelella, Marinomonas, Shewanella, Alcanivorax,* and *Halomonas*, which have been associated with hydrocarbon degradation*.* In all sampled seal rings, *Pseudomonas* was the most abundant genus, which supported the hypothesis that microorganisms participated in the corrosion of the seal rings. Additionally, nine different microbial species were isolated from corrosion products and their ability to induce corrosion of carbon steel demonstrated in the laboratory. Differences in the surface deterioration patterns among isolates indicated variations in the corrosion reactions and mechanisms promoted by each isolate. Three isolates were further investigated to understand their effects on corrosion. Differences in the corrosion rates were observed among the isolates; *S. chilikensis* triggered the most severe pitting on carbon steel, followed by *E. roggenkampii*, and *P. balearica*. Corrosion mechanisms of the selected microorganisms were suggested based on their metabolic capabilities, which included the production of corrosive metabolites: organic acids, nitrites and H~2~S.

Methods {#Sec11}
=======

Sample collection and microbiological characterisation {#Sec12}
------------------------------------------------------

### Sampling {#Sec13}

Samples were collected from corroded seal rings (made of 17--4 PH martensitic precipitation-hardening stainless steel) that failed during hydrostatic testing in the piping system of a FPSO facility located on the Australian North West Shelf. Corrosion products had a black/dark brown colour, containing both thick and thin solids. Corrosion products and sessile microorganisms attached to the deposits from three different corroded seal rings were scrapped and collected in sterile containers. Samples were transported at 4 °C to a research facility (2 days after collection) for microbiological analysis. Upon arrival, samples for microbial growth were processed immediately, and samples for DNA sequencing were stored at − 20 °C until extractions were conducted (maximum 2 weeks after collection).

### Microbial composition analysis by 16S rRNA sequencing of DNA extracted from corrosion products of failed seal rings {#Sec14}

The composition of the microbial communities on the failed seal rings was determined using Illumina NGS of the 16S rRNA gene hypervariable region V3--V4. For this, DNA was extracted from corrosion products using the DNeasy PowerSoil Kit (Qiagen), following the manufacturer's instructions. DNA concentration was quantified fluorometrically with the Qubit dsDNA HS Assay kit (Life Technologies), and PCR reaction was carried out using the prokaryotic universal primers 341F (5′ CCTAYGGGRBGCASCAG 3′) and 806R (5′ GGACTACNNGGGTATCTAAT 3′)^[@CR81]^, which have been previously applied for identification of microbial communities in corrosion products and oil production facilities^[@CR82],[@CR83]^. Library preparation and sequencing were conducted by the Australian Genome Research Facility (AGRF), as described elsewhere^[@CR83]^. Downstream analysis of the sequences was completed with QIIME2 version 2019.4^[@CR84]^. The q2-dada2 plugin^[@CR85]^ was applied for denoising and q2-feature-table plugin for the removal of singletons and low-frequency sequences (\< 10 reads). Subsequently, taxonomy was assigned to each amplicon sequence variant (ASV) using the q2‐feature‐classifier plugin^[@CR86]^ and q2-classify-consensus-blast plugin^[@CR87]^. SILVA database version 132^[@CR88]^ was used for the taxonomic classification. Microbial composition was visualised in bar charts created with the ggplot2 package version 3.1.0^[@CR89]^ employing R version 3.4.3^[@CR90]^. Only taxonomic orders with relative abundances equal or greater to 1% in at least one sample were included in the graph.

Bacterial isolation, identification and phylogenetic analysis {#Sec15}
-------------------------------------------------------------

### Enrichment and isolation {#Sec16}

Corrosion products were inoculated into several culture media to maximise the recovery of cultivable populations. Culture media targeted the growth of SPP, APB and IOB. The culture media for the recovery of IOB (iron oxidising bacteria media) and APB (phenol red dextrose broth) were prepared according to the guidelines and composition described in the standard test method NACE TM0194^[@CR91]^. Composition of the culture medium used for the recovery of SPP is described elsewhere^[@CR92]^. All culture media were prepared anaerobically and dispensed in Hungate tubes (15 mL capacity). In an anaerobic chamber filled with N~2~--CO~2~--H~2~ (75:10:5) gas mixture, 1 g of each sample was inoculated in the Hungate tubes containing 10 mL of growth medium. Tubes were incubated in dark for 28 days at 40 °C without shaking. After the incubation period, cultures that showed positive growth were subcultured onto solid media using the anaerobic chamber. Solid medium was prepared by adding 15 g L^−1^ of agar--agar (Sigma-Aldrich) to the same composition used to make the broths. Plate cultivation resulted in the growth of colonies with different morphologies; only one colony representative of each morphology type was selected for purification and further study. Purification was achieved using the streak plate method. All inoculated plates were incubated under anaerobic conditions by placing them in anaerobic jars with AnaeroGen sachets (Oxoid, Thermo Fisher Scientific). Single colonies were transferred to liquid medium, and microscopic observation in a phase contrast microscope (Nikon Eclipse Ci-L) was used to confirm consistent cell morphology of isolates.

### 16S rRNA gene sequencing and identification of closest related species {#Sec17}

Molecular identification of isolates was based on 16S rRNA gene sequencing. A 5 mL aliquot of a pure culture in an exponential growth phase was centrifuged at 15,000×*g* for 5 min to harvest cells from each isolate. Genomic DNA was extracted with DNeasy PowerSoil Kit (Qiagen), as described by the manufacturer. For PCR amplification, the universal bacterial primers 27F (5′ AGAGTTTGGATCCTGGCTCAG 3′)^[@CR93]^ and 1492R (5′ CGGTTACCTTGTTACGACTT 3′)^[@CR94]^ were employed. The reaction mixture was prepared according to the BIOTAQ DNA polymerase protocol (Bioline), with a final volume of 25 μL per reaction. Amplification was conducted in a T100 Thermal Cycler (Biorad) by the following steps: initial denaturation at 95 °C for 5 min, 35 amplification cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 60 s, followed by a final extension at 72 °C for 10 min. PCR products were purified with the Wizard SV Gel and PCR Clean-Up System (Promega), and Sanger sequencing was conducted by AGRF. Sequences of 16S rRNA genes were compared with sequences stored in the NCBI using the standard nucleotide basic local alignment search tool (BLASTn)^[@CR95]^.

### Phylogenetic analysis {#Sec18}

Phylogenetic and similarity analyses were conducted using the Molecular Evolutionary Genetics Analysis version 10 (MEGAX)^[@CR96]^. ClustalW function was used for alignment of the 16S rRNA gene sequences found in this study and other organisms related retrieved from the NCBI. Alignment gaps were treated as missing data. The phylogenetic tree was constructed by the Neighbour-Joining method^[@CR97]^, and 1,000 bootstrap replications were carried out to validate internal branches^[@CR98]^. The paired similarity and pairwise distance were calculated using the transversion/transition weighting (*R* = *s*/V) and the Kimura-2-parameter model^[@CR99]^.

Corrosion experiments {#Sec19}
---------------------

### Screening corrosion test of isolates {#Sec20}

To evaluate their corrosive potential, all isolates were grown separately under anaerobic conditions using serum bottles (100 mL capacity) containing a metal sample. The metal used in this study was commercial 1,030 carbon steel, which is commonly used in the oil and gas industry. This material had the following elemental composition (weight %): C (0.43--0.5), Mn (0.6--0.9), Si (0.15--0.35), S (0.01--0.35), P (0--0.035), Cr (0--0.40), and Fe (balance). Square coupons (1 × 1 × 0.3 cm) with an exposed area of 1 cm^2^ were prepared for the analysis. First, coupons were electro-coated with a protective epoxy (Powercron 6000CX, PPG Industrial coatings). Then, one side of the coupon was wet ground (deionised water) using silicon carbide papers of 80, 120, 320, and 600 grit, consecutively. The polished specimens were washed with ethanol, dried with nitrogen gas and stored in a desiccator until the test. Before the test, coupons were sterilised with ultraviolet (UV) radiation for 15 min each side before immersion in the test solution. One coupon was immersed in each serum bottle and placed in the bottom at a horizontal position. Serum bottles were filled with 90 mL of test solution that had been prepared anaerobically by sparging a gas mixture of N~2~--CO~2~ (80:20). Supplemented artificial seawater was used as test solution, which had the following composition: 35 g L^−1^ of sea salts (Millipore), 20 mM of Na-lactate, 20 mM Na-acetate, 20 mM Na-formate, 10 mM glucose, 1.3 g L^−1^ bacto casamino acids (BD), 20 mM NH~4~NO~3~, 10 mM Na-thiosulphate, 1 mM iron (III) citrate, 1 mM iron (II) sulphate heptahydrate, and 1 mM Na-sulphide nonahydrate. The pH of the test solution was adjusted to 7.3 with sodium bicarbonate. Serum bottles were inoculated with 1 mL at an appropriate dilution of overnight cultures of the isolated bacteria to obtain a final concentration of 1 × 10^6^ cells mL^−1^ in each bottle. All isolates were evaluated independently and in triplicate by inoculation of the same culture in three serum bottles. Cultures were incubated for 7 days at 40 °C and shaking of 100 rpm. At the completion of the immersion period, coupons were removed and the surface examined for corrosion using light optical microscopy. Coupons in three serum bottles without the addition of bacteria were exposed to the same conditions to discriminate abiotic corrosion.

### Additional corrosion experiments for selected isolates {#Sec21}

Three isolates were selected and studied for a longer period of time (21 days) using glass reactors (150 mL capacity) under anaerobic conditions. Carbon steel round coupons with same elemental composition described earlier, and an exposed area of 1.27 cm^[@CR2]^ were used for this experiment. A total of four metal coupons were immersed in each reactor. These metal coupons were prepared as described in "[Screening corrosion test of isolates](#Sec20){ref-type="sec"}" section. Supplemented artificial seawater was used as test solution, which had the following composition: 35 g L^−1^ of sea salts (Millipore), 20 mM of Na-lactate, 20 mM Na-acetate, 30 mM Na-formate, 10 mM glucose, 1.3 g L^−1^ mM bacto casamino acids (BD), 15 mM NH~4~NO~3~, 8 mM Na-thiosulphate, 0.007 mM iron (II) chloride tetrahydrate, 0.007 mM manganese (II) chloride tetrahydrate, and 59 mM Na-bicarbonate. The pH of the test solution was 7.3 ± 0.2. Anaerobic conditions were maintained by continuous sparging of the test solution with a filter sterilised gas mixture of N~2~--CO~2~ (80:20) at a flow rate of 20 mL min^−1^. Each reactor was inoculated with one of the selected isolates to a final concentration of 1 × 10^7^ cells mL^−1^. The temperature was controlled at 40 °C ± 1 °C with an IKA RCT digital hotplate and a thermocouple. To maintain active growth of isolates during coupons exposure, the test reactors were operated under semi-batch conditions, by replenishing 70% of the test solution with fresh test solution every 3 days. After 21 days, the presence of sulphide and nitrites were determined using the sulphide methylene blue method 8,131 (Hach) and nitrate/nitrite semi-quantitative test strips (Quantofix). Coupons were analysed as described in the following section. A sterile control without the addition of bacteria was set up under the same conditions to discriminate abiotic corrosion.

Analytical methods {#Sec22}
------------------

### Corrosion measurements {#Sec23}

Corrosion measurements were carried out to determine corrosion rates and pitting on the metal surface. For this, three coupons from each test were cleaned by immersion in Clarke's solution and sonication for 30 s, followed by washing steps with deionised water and ethanol. Cleaning cycle was repeated until a constant weight was measured with an electronic balance. Corrosion rates were estimated from weight loss, as described in the ASTM G1 standard^[@CR100]^. Pitting analysis was conducted with a 3D optical profilometer (Alicona InfiniteFocus G4) using the instrument's software (IFM version 3.5). Pitting rate was calculated using the maximum pit depth found in each test, as described in the NACE SP-0775 standard practice^[@CR44]^.

### Microbial quantification {#Sec24}

Direct cell counts of planktonic (bulk solution) bacteria were performed periodically using Neubauer counting chamber and a phase-contrast microscope (Nikon Eclipse Ci-L). After 21 days of exposure, the number of bacteria attached to the metals (sessile) was determined by the qPCR method. Bacteria were detached from the coupons by vortexing and sonication in 10 mL of sterile 1 × PBS (Sigma-Aldrich) as described elsewhere^[@CR101]^. Detached cells were harvested by centrifugation at 15,000×*g* for 5 min. The pellet obtained after centrifugation was used for DNA extraction and subsequent qPCR analysis. Genomic DNA was extracted using DNeasy PowerBiofilm Kit (Qiagen), as described by the manufacturer. The number of total bacteria was estimated by quantifying the number of copies of the *rpoB* gene, which is a single-copy gene^[@CR102]^. PCR reaction was conducted as described elsewhere^[@CR83],[@CR103]^. All analyses were performed in triplicate.

### Biofilm imaging and surface analysis {#Sec25}

One coupon from each reactor was examined using FESEM to visualise the morphology of the biofilm. The analysis was executed using a Neon Dual-Beam field emission scanning electron microscope (Zeiss). For the analysis, biofilms were prepared as described elsewhere^[@CR104]^.

Additionally, a cross-sectional analysis of the corrosion products and biofilms was performed using the FESEM coupled with energy-dispersive X-ray spectroscopy (EDS). Coupons for this analysis were dried under nitrogen flow for 5 days. Then, coupons were mounted in Epofix Resin under vacuum (0.1 bar), followed by dry-polishing to 1 µm diamond finish to reveal the cross-sectional profile^[@CR105]^. Cross-sectioned samples were coated with a platinum layer (5 nm thick) and observed in the microscope for elemental composition analysis. AZtec version 3.0 (Oxford Instruments NanoAnalysis) was used for FESEM/EDS data analysis.

### Statistical analysis {#Sec26}

Corrosion rates and measurements were performed in triplicate, and results are presented as the mean ± standard deviation. Kruskal--Wallis analysis was implemented to test if there were statistically significant differences in the corrosion rates between biotic and abiotic tests. All statistical analyses were performed with PAST version 3.25^[@CR106]^ software. The statistical significance for all analyses was accepted at *p* \< 0.05 (significance level).

Sequence data deposition {#Sec27}
------------------------

The nucleotide sequences of the NGS data reported in this study were deposited in the NCBI under the bioproject number PRJNA613253. The 16S rRNA gene sequences of the isolated bacteria were deposited in the GenBank with the accession numbers MT215169, MT215170, MT215171, MT215172, MT215173, MT215174, MT215175, MT215176, and MT215177.
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